Objective The effect of postoperative blood flow status on the prognosis of patients with low-gradient severe aortic stenosis (AS) has not been examined. Severe AS is associated with a higher mortality rate after transcatheter aortic valve implantation (TAVI). We examined the prognostic value of low-flow status by comparing stroke volume indices (SVi) before and after TAVI in patients with symptomatic, low-gradient severe AS. Methods A total of 1613 patients with severe symptomatic AS who underwent TAVI in 14 Japanese institutes for low-gradient severe AS (418 patients, median age 84 years, 32.5% men) were prospectively enrolled. The primary endpoint was cardiovascular mortality during follow-up after TAVI, and independent predictors were evaluated. Receiver operating characteristic curves were generated to determine the optimal cut-off value of post-TAVI SVi for predicting cardiovascular mortality, and the receiver operating characteristic curves of pre-TAVI and post-TAVI SVi were compared. Results The cardiovascular mortality rate was 4.1% (17 patients) during follow-up (median 9.2 months). Multivariate analysis revealed post-TAVI SVi to be an independent predictor of cardiovascular mortality (per 10 mL/m 2 decrease; HR, 2.0; 95% CI 1.28 to 3.12). The optimal cut-off value of post-TAVI SVi was 41.4 mL/m 2 . Post-TAVI SVi showed significantly larger area under the curve than pre-TAVI SVi (0.74 (95% CI 0.69 to 0.79) vs 0.61 (95% CI 0.56 to 0.65), p<0.05). Conclusions Post-TAVI SVi is a better predictor of cardiovascular mortality than pre-TAVI SVi in patients with symptomatic low-gradient severe AS. Low-flow and lownormal-flow status (35≤ SVi <40 mL/m 2 ) require careful management after TAVI.
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IntROduCtIOn
Low-gradient severe aortic stenosis (AS), which is classified into classical low-flow, paradoxical low-flow and normal-flow low-gradient AS, is associated with a higher mortality rate even after transcatheter aortic valve implantation (TAVI) than high-gradient severe AS. 1 2 Our data also showed that a low-flow status was an independent predictor of cardiovascular mortality after TAVI. 3 However, it has not yet been examined whether post-TAVI flow status affects the prognosis, especially in patients with low-gradient severe AS. Therefore, we examined the prognostic value of the low-flow status using stroke volume index
Key questions
What is already known about this subject?
► A low gradient is an independent predictor for mortality after transcatheter aortic valve implantation (TAVI) in severe aortic stenosis (AS). ► Low-flow status has a poorer prognosis compared with the normal-flow status in low-gradient severe AS. ► Studies have demonstrated that TAVI improves left ventricular function, and the improved left ventricular ejection fraction is associated with a good prognosis after TAVI. ► However, in low-gradient severe AS, the type of lowflow status after TAVI that could influence prognosis has not been determined.
What does this study add?
► The stroke volume index (SVi) of post-TAVI was an independent predictor of cardiovascular mortality (HR, 2.00; 95% CI 1.28 to 3.12; p=0.002) and hospitalisation for heart failure (HR, 1.35; 95% CI 1.03 to 1.76; p=0.028). ► Post-TAVI SVi was a better predictor than pre-TAVI SVi for the estimation of cardiovascular mortality (0.61 (95% CI 0.56 to 0.65) vs 0.74 (95% CI 0.69 to 0.78), p=0.012).
How might this impact on clinical practice?
► Clinicians might consider evaluating SVi in patients with low-gradient severe AS before and after TAVI. ► Strict follow-up guidelines should be adopted for patients with persisting low-flow status after TAVI. (SVi) before and after TAVI in patients with low-gradient severe AS. 2 ). A total of 448 patients with low-gradient severe AS (aortic valve mean gradient <40 mm Hg) were included in this study. Of the 448 patients with low-gradient severe AS, 30 patients were excluded because of the deficits in preprocedure or postprocedure echocardiographic data for calculating SVi. Therefore, 418 symptomatic patients were finally included in the present study ( figure 1 ). There was no conversion to surgical aortic valve replacement among these 418 patients. All patients provided written informed consent before participating in this study.
MetHOds
echocardiographic measurement All patients in this study underwent standard two-dimensional B-mode and Doppler transthoracic echocardiography before and after the TAVI procedure. Conventional parameters were measured according to the European Association of Cardiovascular Imaging recommendations. 6 7 Post-TAVI echocardiography was performed during hospitalisation within a week after TAVI. Patients with low-gradient severe AS (418 patients) were divided into three groups according to pre-TAVI SVi and left ventricular ejection fraction values. 2 The three groups were formed as follows: classical low-flow low-gradient severe AS (left ventricular ejection fraction <50%), paradoxical low-flow low-gradient severe AS (left ventricular ejection fraction ≥50% and pre-SVi <35 mL/m 2 ), and normal-flow low-gradient severe AS (left ventricular ejection fraction ≥50% and pre-SVi ≥35 mL/m 2 ) (figure 1). Patients' characteristics, echocardiographic parameters, as well as primary and secondary endpoints were compared among the three groups, and pre-TAVI with post-TAVI echocardiographic parameters were compared among each of the three groups.
study endpoints
The primary and secondary endpoints included cardiovascular mortality and hospitalisation for heart failure during follow-ups after TAVI. We defined cardiovascular mortality according to the criteria of the Valve Academic Research Consortium-2. 8 Hospitalisation for heart failure was defined as rehospitalisation after TAVI because of worsening chronic heart failure.
statistical analysis
Statistical analyses were performed using SPSS V.24.0 and MedCalc V.17.5.5 software (MedCalc Software, Ostend, Belgium). Continuous variables were assessed for normal distribution using the Shapiro-Wilk test. Data are presented as mean±SD or median and IQR (25th-75th percentiles). We compared the differences in normally distributed data using one-way analysis of variance with subsequent Tukey's honest significant difference test, and the differences in non-normally distributed data using the Kruskal-Wallis test with Mann-Whitney test in the three groups. The Wilcoxon signed-rank test was used to compare pre-TAVI and post-TAVI echocardiographic data. Dichotomous variables are presented as numbers and percentages. χ 2 test was used to compare categorical variables. Analyses with Cox proportional hazards regression models were performed to estimate predictors of cardiovascular mortality and hospitalisation for heart failure. Age, sex and clinically relevant echocardiographic variables, with reference to prior studies, were included in the multivariate models using a stepwise variable selection method in which variables were either entered or removed if p<0.05 or p>0.1, respectively. The post-TAVI SVi threshold, which optimally predicted primary endpoints, was determined using the Youden Index of the receiver operating characteristic curves. A pairwise comparison of the area under the curve was used to analyse the relationship between cardiovascular mortality, pre-TAVI SVi and post-TAVI SVi. 
Results

Patients' characteristics and echocardiographic parameters
Patients' characteristics and echocardiographic parameters are shown in tables 1 and 2. The mean age of the patients was 84.0 years (IQR, 81.0-87.0) and 136 (32.5%) were men. The aortic valve mean gradient was 32.4 mm Hg (IQR, 28.0-36.0) at baseline, and the transcatheter heart valve mean gradient was 8.5 mm Hg (IQR, 7.0-11.0) after TAVI.
Comparison of the three groups Classical low-flow low-gradient AS, paradoxical low-flow low-gradient AS and normal-flow low-gradient severe AS groups included 118 (28%), 80 (19%) and 220 (53%) patients, respectively (figure 1). The normal-flow low-gradient AS group had significantly lower risk score as compared with the other groups as per the Society of Thoracic Surgeons' risk model. Baseline brain natriuretic peptide levels were significantly higher in the classical low-flow low-gradient AS group than that in the paradoxical low-flow low-gradient AS and normal-flow low-gradient severe AS groups. Patients who underwent the CoreValve procedure were most prevalent in the classical low-flow low-gradient AS group. Aortic valve area, mean gradient and maximum velocity of pre-TAVI were highest in the normal-flow low-gradient AS group. Left ventricular ejection fraction values before and after TAVI were lowest in the classical low-flow low-gradient AS group. Pre-TAVI and post-TAVI SVi were lowest in the paradoxical low-flow low-gradient AS group and lower in the classical low-flow low-gradient AS than in the normalflow low-gradient AS group. Pre-TAVI and post-TAVI echocardiographic data showed that the incidence of moderate-severe mitral regurgitation was most prevalent in the classical low-flow low-gradient AS group (table 1) .
Midterm clinical outcomes
All-cause mortality rate during the follow-up period was 12.0%. Among these, the cardiovascular mortality rate Figure 2 Kaplan-Meier curves for cardiovascular death rate and rate of hospitalisation for heart failure according to the type of LG AS. Survival rates for cardiovascular death (A) and hospitalisation for heart failure (B) were calculated using the Kaplan-Meier method and compared using the log-rank test. No significant differences were observed among the three LG groups. AS, aortic stenosis; LF, low-flow; LG, low-gradient; NF, normal-flow.
was 4.1%. The mean follow-up period after TAVI was 9.2 months (IQR, 3.2-15.3) for the primary endpoint. The rate of hospitalisation for heart failure during follow-up (7.5, IQR, 3.2-14.0 months) was 11.1% (46 patients). Kaplan-Meier analysis showed no significant difference in the cardiovascular mortality (log-rank test p=0.245) and rate of hospitalisation for heart failure (log-rank test p=0.129) among the three groups (figure 2).
Change between pre-tAVI and post-tAVI echocardiography SVi significantly improved after TAVI in the classical low-flow low-gradient AS group and paradoxical low-flow low-gradient AS group (classical low-flow low-gradient AS group, 36. 
Predictors of clinical outcomes
The predictors of primary and secondary outcomes are shown in tables 3 and 4. The independent predictor of cardiovascular mortality during follow-up was post-TAVI SVi (per 10 mL/m 2 decrease) (HR, 2.00; 95% CI 1.28 to 3.12; p=0.002). The adjusted values for all parameters are shown in table 3. In addition, the independent predictors of the rate of hospitalisation for heart failure are post-TAVI SVi (per 10 mL/m 2 decrease) (HR, 1.35; 95% CI 1.03 to 1.76; p=0.028), pre-TAVI mitral valve regurgitation grade 3 or 4 (HR, 2.71; 95% CI 1.26 to 5.82; p=0.011) and baseline natriuretic peptide levels of the brain (per 100 pg/mL increase) (HR, 1.06; 95% CI 1.01 to 1.11; p=0.025). The adjusted values for all parameters are shown in table 4.
Analysis of receiver operating characteristic curve Pairwise comparison of receiver operating characteristic curves showed that post-TAVI SVi presented a significantly larger area under the curve than pre-TAVI SVi for the prediction of cardiovascular mortality (0.61 (95% CI 0.56 to 0.65) vs 0.74 (95% CI 0.69 to 0.78), p=0.012). A post-TAVI SVi threshold of <41.4 mL/m 2 was obtained from the receiver operating characteristic curves to predict cardiovascular mortality (sensitivity, 88.2%; specificity, 55.6%) (figure 4).
dIsCussIOn
The main findings are as follows: (1) Post-TAVI SVi is an independent predictor of cardiovascular mortality and rate of hospitalisation for heart failure after TAVI in patients with low-gradient severe AS. (2) Post-TAVI SVi is a better predictor of cardiovascular mortality than pre-TAVI SVi in patients with low-gradient severe AS. (3) Kaplan-Meier analysis showed no significant difference in cardiovascular mortality and rate of hospitalisation for heart failure among the three low-gradient AS groups in this study. (4) Finally, SVi improved after TAVI in the classical and paradoxical low-flow low-gradient severe AS groups, but not in the normal-flow low-gradient severe AS group.
TAVI improved left ventricular function, and the improvement in left ventricular ejection fraction was the predictor of a good prognosis in patients with severe AS who presented with reduced left ventricular ejection fraction. [11] [12] [13] [14] However, Le Ven et al 15 reported that left ventricular ejection fraction underestimates myocardial systolic dysfunction in cases with concentric remodelling. This confirmed our results that left ventricular ejection Valvular heart disease fraction was not a predictor of cardiovascular mortality and rehospitalisation for heart failure.
Prior reports showed that pre-TAVI SVi is a powerful independent predictor of all-cause or cardiovascular mortality, and SVi is a better predictor of a left ventricular ejection fraction prognosis in patients with severe AS. 3 15-17 The present study showed that post-TAVI SVi, not pre-TAVI, is an independent predictor of cardiovascular mortality and rehospitalisation for heart failure. Pairwise comparison of receiver operating characteristic curves also showed that post-TAVI SVi was a better predictor of cardiovascular mortality and rehospitalisation for heart failure than pre-TAVI SVi. The utility of post-TAVI SVi might be because it was influenced by the baseline characteristics and by the effect of TAVI itself.
In our study, Kaplan-Meier analysis showed no significant difference among the three low-gradient groups in cardiovascular mortality and hospitalisation for heart failure. This was not consistent with our prior reports and other reports describing that normal-flow low-gradient severe AS had a better outcome compared with paradoxical low-flow low-gradient severe AS. 3 18 19 It was considered that there were possibilities that our study population was too small and/or had too short of a follow-up period to produce a significant difference.
In the present study, a post-TAVI SVi threshold of <41.4 mL/m 2 was obtained from the receiver operating characteristic curves to predict the cardiovascular mortality, higher than that of pre-TAVI SVi (35 mL/m 2 ), as defined by the guideline and reported by our previous study. 3 20 The patients with low-flow in this study had an increased SVi after TAVI, and naturally the cut-off value was higher than that before TAVI. This suggests that we should carefully consider the patients who show low-flow status (SVi <35 mL/m 2 ) and low-normal-flow status (35≤SVi<40 mL/ m 2 ) after TAVI. There are five limitations to our study. First, this was a retrospective analysis of data that were collected prospectively. Second, we did not use core laboratory analysis. The technical inaccuracy and facility disparity of the Doppler echocardiographic measurement of SVi and the mean gradient cannot be ruled out. Third, a small number of events and short-term follow-up, which may limit statistical power, were considered in this study. We selected and analysed the variables using a stepwise (forward selection) method for Cox proportional hazards multivariable regression models to analyse the set of variables in this model. 21 A larger study with a longer follow-up is strongly needed to confirm these results. Fourth, we did not exclude the five cases of death within 30 days after the procedure, which were procedure-related events. All patients in this study underwent post-TAVI echocardiography, which implied that the intraoperative deaths and deaths immediately after the TAVI procedure were excluded. This could overcome the potential bias of some patients with a clinically probable poor prognosis undergoing echocardiography sooner than other patients. Moreover, post-TAVI echocardiography could exclude at least the earlier events related to the procedure. Finally, we did not measure afterload parameters, such as valvuloarterial impedances both before and after TAVI, which are also considered as prognostic markers after TAVI.
COnClusIOns
SVi measured after TAVI is an independent predictor of cardiovascular mortality in patients with low-gradient severe AS and is a better prognostic marker compared with preprocedure findings. Our results suggest that clinicians should evaluate SVi in patients with low-gradient severe AS before and after TAVI, and patients with low-flow status, especially with low-normal-flow status after TAVI, should be subjected to a stricter follow-up protocol.
